,B-Glucuronidase activity increases 60-fold from the 4-cell to the blastocyst stage during in viro development of mouse preimplantation embryos, secondary to a 13-fold increase in (8-glucuronidase mRNA. Injections of antisense RNA from a (8-glucuronidase cDNA clone lacking the 5-untranslated region and the coding sequences for p150 N-terminal amino acids were effective in partially blocking the appearance of (3-glucuronidase activity. Injection of the same RNA, capped with guanosine(5')triphospho(5')guanosine (GpppG), into each blastomere at the 4-cell stage yielded 75% inhibition of enzyme activity at the blastocyst stage. Injections of the sense strand or of an unrelated RNA did not alter the normal increase in activity of the enzyme. These results are in accord with our inability to detect RNA-duplex "melting" activity in 1-cell mouse embryos. We suggest that it may be possible to analyze genetics of mammalian development by antisense techniques.
Since antisense RNA (RNA complementary to a given mRNA) molecules were identified as natural repressor components of prokaryotic gene expression (1) , antisense manipulation has been used by a growing number of groups to inhibit the expression of eukaryotic genes (2) . Antisense genes have been successful in altering the expression of both endogenous and exogenous genes when transferred to cultured cells (3) (4) (5) (6) (7) (8) (9) . The direct microinjection of in vitro synthesized antisense RNAs was also useful in Xenopus oocytes, in which inhibition of Xenopus ,B-globin (10) , of herpes simplex thymidine kinase (11) , of bacterial chloramphenicol acetyltransferase (11) , and of the endogenous Li ribosomal protein gene (12) has been reported.
The alteration of gene expression by antisense techniques may have important applications in the genetic analysis of eukaryotic development, especially in vertebrates, in which it is difficult to screen for developmental mutants and perform standard in vivo mutational analysis. To define conditions for such applications, two developmental systems have been investigated, the Drosophila and the Xenopus embryo, with contrasting results. Antisense RNA injection inhibited the expression ofthe Kruppel (Kr) gene in Drosophila embryos (13) , whereas it did not alter the expression of the maternal mRNAs Anl, An2, or Vgl (14) , or the expression of bacterial chloramphenicol acetyltransferase (15) in the early frog embryo. There is now evidence for the existence in Xenopus embryos of a developmentally regulated, double-stranded RNA "melting" activity, first observed in maturing oocytes and persisting until midblastula stage (14) . Consequently, antisense manipulation in amphibian embryos during this phase of development seems unlikely to yield altered gene expression.
We have applied antisense manipulation to a mammalian developmental system: the preimplantation embryo of the mouse. Our target was the gene that encodes j3-glucuronidase, a lysosomal and microsomal hydrolase, since a microfluorometric assay has been developed (16) to measure its activity in single embryos and the enzyme is actively synthesized during preimplantation development. We also examined whether an RNA melting activity is present in early embryos of this higher vertebrate. Methods. Twenty-one-day-old C57BL/6J female mice were superovulated by intraperitoneal injections of 5 units of pregnant mare serum gonadotropin and, 48 hr later, of 5 units of human chorionic gonadotropin, and were then mated with 129/SvJ males. The time of coitus, as well as fertilization, was arbitrarily set at midnight after mating.
MATERIALS AND METHODS
Whitten's medium (17) was supplemented with 0.1 mM EDTA (medium Ml) or modified by substitution of bicarbonate with 20 mM Hepes for embryo manipulation (medium M2). Embryos were collected 12 hr post coitum in M2 containing hyaluronidase at 0.5 mg/ml, washed in M2, and cultured in Ml at 37°C in an atmosphere of 5% 02/5% C02/90%o N2.
f3-Glucuronidase Assay. P-Glucuronidase activity was measured in single embryos by the microfluorometric assay developed by Wudl and Chapman (16) , by using a Leitz Diavert microscope equipped with photomultiplier and data control system. RNA Probe Preparation. pGUS2, a mouse ,B-glucuronidase 1.4-kilobase (kb) cDNA clone complementary to a large portion of the coding region of the gene, but lacking =500 bases in the 5' and 600 bases in the 3' region, was subcloned into the Riboprobe vector pGEM1 and partially sequenced for orientation. The antisense RNA strand was synthesized by T7 RNA polymerase, and the sense strand was synthetTo whom reprint requests should be addressed.
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sized by SP6 RNA polymerase, essentially as described by Melton et al. (18) . In some experiments, the length of pGUS2 antisense RNA was adjusted to -500 nucleotides by limited alkaline hydrolysis according to the procedure of Cox et al. (19) . The length of this antisense RNA was determined by electrophoresis. An unrelated, control RNA was prepared from Bkm, a human X chromosome DNA sequence (20) .
Capped RNA was synthesized with Sp6 and T7 polymerases by including guanosine(5')triphospho(5')guanosine (GpppG) in the transcription reaction (18, 21) . The RNA was purified by phenol/chloroform extraction and by ethanol precipitation and resuspended in injection buffer (10 mM Tris'HCl/0.1 mM EDTA, pH 7.5) at a concentration of 1 Agdul. RNA solution (10-20 pl) was injected into 1-cell embryos. A total of 10-20 pl of the RNA solution was also injected into 4-cell embryos, divided among the four blastomeres.
RNA Slot Blot. Total RNA from 200 embryos at the stages shown in Fig. 1 was extracted by the guanidinium isothiocyanate/cesium chloride method (22, 23 Densitometric analysis was performed using a Zeineh soft laser scanning densitometer and Apple data analyzer.
Embryo Injection. One-cell embryos were injected 18 hr post coitum: they were transferred to a 50-,A drop of M2 medium under mineral oil and manipulated as described by Hogan et al. (24) .
Four-cell embryos were injected 42 hr post coitum under the same conditions. Preparation, Injection, Extraction, and Analysis of DoubleStranded RNA. For RNA duplex formation, a 0.5-kb fragment from the mouse genomic ,-glucuronidase clone cosB1 (25) was subcloned into pGEM4, and the two strands were transcribed and labeled with [32P]UTP. The SP6 polymerase strand product was formed with high-specific activity (108 cpm/,ug), whereas the 17 product was relatively unlabeled (106 cpm/,ug). The two strands were processed for hybridization as described by Rebagliati and Melton (14) , and the hybrid was suspended in injection buffer at a concentration of 0.5-1 jg/,lg. This solution (10-20 pl) was injected into 1-cell embryos 18 hr post coitum. Total nucleic acid was extracted at zero time and after 5 hr; [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] embryos were added to 100 ,ul of proteinase K buffer (10 mM Tris HCl, pH 7.8/5 mM EDTA/0.5% NaDodSO4) containing 2 ,ug of Escherichia coli tRNA as carrier. Samples were frozen and thawed three times, proteinase K at 200 ,ug/ml was added to each sample, and the mixture was incubated at 37°C for 1-2 hr. After phenol/chloroform extraction, RNA was ethanol precipitated and resuspended in 20 ,u of H20 prior to electrophoresis. Then 2 1,u of 10x sample buffer (22) was added, and each sample was electrophoresed in a native 4% polyacrylamide gel at 100 V for 3 hr.
Measurement of the Rate of Degradation of Injected RNA. The stability of injected RNA (unmodified or capped) was measured between 18 and 54 hr post coitum by a 35S-or a 32P-labeled antisense RNA. One-cell embryos were injected with 20 p1 of a solution of labeled RNA at 0.5 jAg/,.l; groups of embryos were then processed for determination of trichloroacetic acid-insoluble radioactivity at zero time (18 hr post coitum), at 36, and at 54 hr post coitum by a modification of the procedure of Curci et al. (26) , in the presence of 2 ,ug of E. coli tRNA as carrier, and incubated in 10% (wt/vol) trichloroacetic acid for 60 min at 0°C. The values obtained were reported in Fig. 3 , as explained in the legend.
RESULTS
fi-Glucuronidase Activity in in Vitro Cultured Embryos. The activity of P-glucuronidase undergoes a dramatic increase during mouse preimplantation development in vivo (16) . We measured the activity of 3-glucuronidase during the same phase of development in vitro. A 60-fold increase was observed between 42 and 90 hr post coitum (Fig. 1A) , the period in which the embryos developed from the 4-cell stage to the blastocyst stage (32/64 cells).
Increase in mRNA for f-Glucuronidase. Crosses of C57BL/6J and C3H/HeJ strains, which carry variants of the structural gene for S-glucuronidase (Gus-s) coding isozymes with different activities, had shown that the paternal allele is expressed during the period of increased enzymatic activity, excluding the possibility of activation of maternally stored mRNAs (16 (Table 2) . Under the conditions used, 20 pg of RNA was injected into each embryo, an amount that corresponds to the total amount of poly(A) + RNA present in the embryos at this stage of development (28) . Larger amounts of RNA could not be injected because (i) the concentration used (1 ,ug/,ul) was maximal (the RNA solution was very viscous and rapidly clogged the microcapillary pipet) and (ii) the volume was also maximal (attempts made at injecting 30 pl resulted in 100% degeneration).
The relatively low degree of inhibition obtained with pGUS2 antisense RNA could a priori be attributed to at least three different possibilities: lack of the 5' region in the cDNA used, presence in early embryos of double-stranded RNA melting activity, or rapid degradation of injected RNA.
Assay for Double-Stranded RNA Melting Activity. The presence of a double-stranded RNA melting activity was observed in early Xenopus embryos up to the midblastula transition stage (14, 15 (Fig. 3) . Thus, 5' capping is o0 20 embryos and appeared to be stable for 5 hr (Fig. 2) The embryos, injected at 18 hr post coidum, were cultured until 90 hr post coitum, and the blastocysts then were processed for measurement of /8-glucuronidase activity. enzymatic analysis. One concern was the DNA construct we used, a cDNA clone of mouse B-glucuronidase that lacks-the 5'-untranslated region and -500 nucleotides of the coding region. Leibhaber et al. (31) showed the importance of hybridization in the 5' region, including the ribosomal binding site, for inhibition of translation of f3-globin mRNA in an in vitro system. In contrast, Kim and Wold (5) observed the same degree of inhibition of herpes simplex thymidine kinase with antisense constructs complementary to either the 3' or 5' end of the gene. Also, antisense inhibition by RNA complementary to large portions of the coding region of a gene -has been described (32 Pioc. Natl. Acad Sci. USA 85 (1988) the acquisition of a secondary structure by the pGUS2 antisense RNA was not preventing its binding to mRNA. We finally used a capped antisense RNA under the same conditions since the capping of an exogenous RNA enhances its stability in Xenopus oocytes (30) . We tested the stability of capped pGUS2 antisense RNA in early mouse embryos and showed that the rate of degradation of this RNA was greatly reduced relative to the uncapped antisense RNA. When capped pGUS2 antisense RNA was injected into 4-cell embryos, the activity of p-glucuronidase was reduced by 75%; this represents the greatest inhibition we have observed to date. This final result suggests that the lack of hybridization at the 5' end is not crucial in the case of f3-glucuronidase mRNA. In fact, good inhibition was obtained when a presumably high amount of antisense RNA was present at the time of the burst of transcriptional activity at the Gus-s gene, which occurs between the 4-cell and the blastocyst stages.
At present the function of 13-glucuronidase during preimplantation development of the mouse is still unknown; embryos injected with capped pGUS2 antisense RNA did not display any evident morphological abnormality suggesting that 25% of the normal enzyme activity is sufficient. This is supported by the fact that C3H/HeJ mice have a reduced level of activity of f3-glucuronidase both in their adult tissues (=20% of the activity observed in C57BL/6J or BALB/c) and during preimplantation development (40o of activity) (16, 38) , and they do not show any reduced viability in their embryos or litter size.
A higher degree of inhibition of its expression will be necessary to determine the role of B-glucuronidase activation in preimplantation development.
